Purpose Genetically engineered stem cells may be advantageous for gene therapy against various human cancers due to their inherent tumor-tropic properties. In this study, genetically engineered human neural stem cells (HB1.F3) expressing Escherichia coli cytosine deaminase (CD) (HB1.F3.CD) and human interferon- (IFN-) (HB1.F3.CD.IFN-) were employed against lymph node-derived metastatic colorectal adenocarcinoma.
Introduction
Colorectal carcinoma (CRC) is a common cause of cancer death globally. The main cause of death from CRC is metastasis to other organs. Patients with localized and early stage CRC show relatively good prognosis after treatment; however, the prognosis is poor for patients with metastasis to multiple organs [1] . By the time of diagnosis, approximately 20% of CRC patients had already metastasized to other organs, particularly to the liver, the major site of metastasis for CRC [2] . Up to 15% to 20% of CRC patients present with liver metastasis, which in most cases (80%-90%) could not be removed by surgery. In addition, the incidence of lung metastasis is approximately 10% in CRC patients. In particular, lymph node metastasis is associated with metastasis to other organs such as liver and lung [3] . In addition, prognosis is poor in terms of overall mortality and recurrence for patients with lymph node metastasis of CRC. In most patients with CRC, there is no evidence of distant metastasis at the time of treatment, but the cancer has infiltrated deeply into the adjacent lymph nodes. In such cases, there is a high probability of tumor recurrence and metastasis locally or in distant organs such as liver and lungs [4] . For patients with CRC, the presence or absence of metastasis to regional lymph nodes is the most important determinant of diagnosis and survival [5] .
A method known as gene-directed enzyme/prodrug therapy (GDEPT) could more selectively target human cancers and minimize the toxicity to normal tissues [6] . This system induces apoptosis of tumor cells by the bystander effect of enzymes which can convert an inactivate prodrug into an active drug. Cytosine deaminase (CD)/5-fluorocytosine (5-FC) is a well-known GDEPT system. The Escherichia coli CD can convert a prodrug, 5-FC, into the active drug, 5-fluorouracil (5-FU). The metabolite of 5-FU (fluorodeoxyuridine monophosphate) binds to the nucleotide-binding site of the thymidylate synthase and dNTP in tumor cells becomes imbalanced, which can lead to DNA damage and cell apoptosis [7] . This CD/5-FC system has been used in experimental treatments of cancers including breast and endometrial cancers, and successfully inhibited their growth [6] . The GDEPT systems appear to reduce the side effects compared with conventional methods for cancer treatment; however, problems still exist in creating a vehicle for effective delivery of exogenous enzymes to tumor cells [8] . In addition, interferon  (IFN-) is a member of the type I IFN family, which can induce S-phase accumulation and apoptosis of tumor cells [9] . A high concentration of IFN- in vitro could inhibit cancer cell growth; however, the in vivo therapeutic application is limited because of side effects when administered at high doses [10] . Because IFN- has a short half-life, there is a limit in that sufficient concentration for cancer therapy cannot be reached [11] .
Human neural stem cells (hNSCs) can be an effective delivery vehicle for gene therapy due to their inherent migratory ability to tumor sites [12] . To confirm this, HB1.F3 hNSCs obtained from fetal telencephalon were generated and immortalized using a retroviral vector encoding v-myc [13] . The immortalized hNSC (HB1.F3) was manipulated to generate genetically engineered neural stem cells expressing therapeutic genes, E. coli CD and/or human IFN- to generate HB1.F3.CD and HB1.F3.CD.IFN- cells [14] . In a previous study, we found that these genetically engineered hNSCs can migrate to various types of human cancers through interaction with several chemoattractant factors secreted by cancer cells, and a sufficient therapeutic effect of the stem cells was demonstrated by in vitro and in vivo studies [6, [15] [16] [17] .
In the current study, we further examined the question of whether these genetically engineered hNSCs might have a significant migrating capacity for selectively targeting colorectal adenocarcinoma metastasized to a lymph node, as well as therapeutic potential in colorectal cancer metastasized from a lymph node. We also identified the synergetic and therapeutic effects of chemotherapy consisting of the suicide gene/prodrug (CD/5-FC) coupled with immunotherapy (IFN-) for the treatment of colorectal cancer that has metastasized from a lymph node using an in vitro co-culture system and an in vivo xenograft mouse model.
Materials and Methods

Cell culture and media
A human lymph node-derived metastatic colorectal adenocarcinoma cell line, SW-620, was purchased from Korean Cell Line Bank (KCLB, Seoul, Korea). Three types of engineered hNSCs, HB1.F3, HB1.F3.CD, and HB1.F3.CD.IFN-, were provided by Dr. Seung U. Kim (University of British Columbia, Vancouver, BC, Canada) and used in this study. Primary human fibroblast cells (hFB) were used as a control for a transwell migration assay. All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; Hyclone Laboratories, Logan, UT) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories), 10 U/mL penicillin and 100 µg/mL streptomycin (Cellgro Mediatech, Manassas, VA), 10 mM HEPES (Invitrogen Life Technologies, Carlsbad, CA), and anti-mycoplasmal agents (Invivogene, San Diego, CA) at 37°C in 5% CO2 and 95% air in a humidified cell incubator. The cells were trypsinized with 0.05% trypsin/0.02% ethylenediaminetetraacetic acid (PAA Laboratories, Dartmouth, MA).
mRNA extraction and reverse transcriptase polymerase chain reaction
Total mRNA extracts were prepared using TriZol Reagent (Invitrogen Life Technologies) and reverse transcribed from 1 µg of total mRNA into cDNA using M-MLV RT (iNtRON Biotechnology, Seongnam, Korea) following the manufacturer's protocols. Polymerase chain reaction (PCR) was performed for amplification of the bacterial CD gene and human IFN- genes from hNSCs using the respective primers. To confirm the expression of the chemoattractant factors by SW-620 cells, cDNAs of cancer cells were synthesized using sense and antisense primers including stromal cell-derived factor 1 (SDF-1), c-Kit, urokinase receptor (uPAR), urokinase-type plasminogen activator (uPA), and C-C chemokine receptor type 2 (CCR2). Human glyceraldehydes-3-phosphate dehydrogenase (GAPDH) gene was used as a positive control. PCR amplification of all genes, CD, IFN-, and chemoattractant factors, was performed at 30 cycles. PCR products were analyzed on a 1.5% agarose gel pre-stained with ethidium bromide (Sigma-Aldrich, St. Louis, MO).
Cell viability assay
To examine the effect of 5-FU and 5-FC on lymph nodederived metastatic colorectal adenocarcinoma (SW-620) cells, cancer cells were seeded at 4,000 cells per well in 96-well plates and cultured in phenol free DMEM containing 5% charcoal-dextran treated FBS, 1% antibiotics (penicillin G and streptomycin), and 1% HEPES. After 24-hour incubation, the wells were treated with 5-FU or 5-FC diluted to different concentrations in phosphate buffered saline (PBS; 100, 200, 300, 400, and 500 µg/mL) for 3 days. To confirm a therapeutic effect of engineered hNSCs (HB1.F3, HB1.F3.CD, and HB1.F3.CD.IFN-), the cancer cells were seeded in the same media (4,000 cells per well). After 24-hour incubation, engineered hNSCs were added to the cancer cell cultures, followed by incubation for 24 hours. Then, 5-FC diluted with PBS was added to each well followed by incubation for 3 days. Following treatment with 5-FU and 5-FC, the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed for measurement of the cancer cell viability. MTT solution (10 µL; 5 mg/mL) was added to each well followed by incubation for 4 hours at 37°C. Supernatants were removed and 100 µL of dimethylsulfoxide (99.0%, Junsei Chemical, Tokyo, Japan) was added to each well to dissolve the resultant formazan crystals. Finally, optical densities were measured at 540 nm using an enzymelinked immunosorbent assay reader (Epoch, BioTek, Winooski, VT). MTT assays were performed in triplicate.
In vitro migration assay
To examine whether engineered hNSCs can migrate to lymph node-derived metastatic colorectal adenocarcinoma, SW-620 cells (110 5 cells per well) and human dermal fibroblast cells (a control, 110 5 cells per well) were plated in a 24-well plate containing 1% CD-FBS phenol free DMEM medium with incubation for 24 hours. The bottom surface of transwell plates (0.4 µm, BD Biosciences, Dickinson, Franklin Lakes, NJ) coated the with fibronectin (250 µg/mL, SigmaAldrich) was placed in the 24-well plates and CM-Dil (Invitrogen Life Technologies) pre-stained engineered hNSCs were plated in the upper chambers of the transwell plates at a density of 110 5 cells per well in the same condition medium and cultured for 24 hours at 37°C. After washing the lower chamber, the cells were fixed with 10% formalin solution (Sigma-Aldrich) for 10 minutes and permeabilized using 100% cold-methanol (Sigma-Aldrich) for 10 minutes. Then, DAPI (4',6-diamidino-2-phenylindole, Invitrogen Life Technologies) was added to the lower chamber at 300 nM and the plates were incubated for 10 minutes at 37°C followed by washing with PBS. Cells stained with CM-Dil and DAPI were examined by fluorescence microscopy (IX-73 Inverted Microscopy, Olympus, Tokyo, Japan) and counted by Cell Sense Dimension.
Xenograft model of lymph node-derived metastatic colorectal adenocarcinoma
BALB/c nude female mice (4-week-old) were purchased from Daehan BioLink (Eumseong, Korea) and the experiments were performed according to the protocol (CBNUA-825-15-01) approved by the Animal Care Committee of Chungbuk National University. The room was kept at 24°C under a 12-hour light-dark cycle. The mice were acclimatized for at least 1 week prior to the start of experiments. To make animal models xenografted with lymph node-derived metastatic colorectal adenocarcinoma cells, SW-620 cells ( 110 6 ) were mixed with Matrigel (BD Biosciences, Bedford, MA) at 1:1 volume ratio of Matrigel to PBS in 100 µL and injected subcutaneously into the back of the mice. Mice were monitored for tumor growth every 3 days and the tumor volumes were measured using a caliper and expressed as lengthwidthheight0.5236 (mm 3 ).
In vivo therapeutic effect of engineered hNSCs
To confirm the therapeutic effect of engineered hNSCs in a xenograft model of lymph node-derived metastatic colorectal adenocarcinoma, the mice were divided into five experimental groups; group 1 was a negative control group treated with 0.85% PBS instead of hNSCs and 5-FC. Group 2 was treated with 5-FC (500 mg/kg/day) only, while group 3 was treated HB1.F3 (therapeutic gene is not expressed). Group 4 was treated with HB1.F3.CD in the presence of 5-FC, while group 5 was treated with HB1.F3.CD.IFN- in the presence of 5-FC (500 mg/kg/day). This animal study was performed for 21 days after hNSCs injections. When tumor volume reached 500 mm 3 , CM-Dil pre-labeled hNSCs (410 6 cells per mouse) were injected subcutaneously adjacent to the tumor mass (group 3, HB1.F3; group 4, HB1.F3.CD; group 5, HB1.F3.CD.IFN-). hNSCs were injected on the first day of each week. Two days after the injection of hNSCs, group 1 received intraperitoneal injections of PBS (400 µL), while groups 2, 3, 4, and 5 received intraperitoneal injections of 5-FC (500 mg/kg/day in 400 µL PBS) every day for 21 days. At 24 hours after the last 5-FC treatment, the mice were euthanized and tumor masses were harvested for molecular analysis.
Immunohistochemical assay
For immunohistochemical analysis, tumor masses excised from the mice were washed with PBS and fixed in 10% formalin (OCI, Seoul, Korea). A fixed mass was sliced 5-mmthick, dehydrated, and embedded in paraffin. Paraffin blocks were cut into 5-µm-thick sections. After drying the tissue slide, antigen retrieval was performed by boiling the slides for 10 minutes in a microwave using 0.01 M citrate buffer, and the slides were treated sequentially with 0.3% H2O2, blocking buffer, and primary antibodies. The primary antibody was a mouse monoclonal antibody against proliferating cell nuclear antigen (1:100, Abcam). For detection, biotinylated mouse IgG (1:1,000, Vector Laboratories Inc., Burlingame, CA) was used as a secondary antibody. The expression of each protein in a section of tumor mass was confirmed using a microscope (IX-73 inverted microscopy) for digital photography.
Fluorescence analysis
To examine the distribution of hNSCs in the tumor mass, the cells were previously stained with CM-Dil, according to the manufacturer's protocol before injection. Tissue slides of tumor sections were hydrated and fixed in 10% formalin for 10 minutes, followed by washing with PBS, and then treatment with DAPI solution (600 nM) for 10 minutes at room temperature. Slides were mounted with coverslips and observed under a fluorescence microscope (IX-73 inverted microscopy).
Data analysis
In vitro and ex vivo experiments were performed at least three times to ensure consistent results. Graphpad Prism software (San Diego, CA) was used for statistical analysis of all data. In vitro and in vivo data were represented as the mean±standard error of the mean. Two-way analysis of variance (ANOVA) followed by post hoc Dunnett's or Tukey's multiple comparison test for three-pair comparisons or Student's t test was used for data analysis, and p-values < 0.05 were considered statistically significant. 
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Therapeutic effect of HB1.F3.CD and HB1.F3.CD.IFN- with 5-FC in vitro
To examine the cytotoxic effects of 5-FC and 5-FU on lymph node-derived metastatic colorectal adenocarcinoma cells, SW-620 cells (4,000 cells per well) were seeded and treated with 5-FC or 5-FU at increasing concentrations (100 to 500 µg/mL), and the cell proliferation was then measured by MTT assay. Treatment with 5-FC for 3 days resulted in slightly decreased growth of SW-620 cells, while treatment with 5-FU resulted in significantly decreased cell proliferation ( Fig. 2A) . To confirm the cytotoxic activity of hNSCs, SW-620 cells were co-cultured with HB1.F3, HB1. (Fig. 2B) . HB1.F3.CD.IFN- showed slightly greater anticancer effects than HB1.F3.CD, but without significance. In addition, microscopic observations of cell morphology in the culture dish confirmed that cell apoptosis and inhibition of cell proliferation were caused by hNSCs co-culture (Fig. 2C) .
Migratory capability of hNSCs toward lymph nodemetastatic colorectal cancer
A modified transwell migration assay was further performed to measure the capacity of hNSCs to migrate toward lymph node-derived metastatic colorectal adenocarcinoma cells. SW-620 cells and hFBs (110 5 cells/mL) were seeded in a 24-well plate containing serum free media with incubation for 24 hours. In this study, CM-Dil labeled hNSCs, HB1.F3, HB1.F3.CD, or HB1.F3.CD.IFN-, migrated towards SW-620 cells, as shown by fluorescence microscopy (Fig. 3A) . The number of hNSCs that migrated to SW-620 or hFB was counted using fluorescence microscopy and the migratory ratio was calculated. The migratory capacity of hNSCs to SW-620 cells was significantly increased approximately 6 times compared to hFB cells (Fig. 3B) . These results indicate that genetically engineered hNSCs have a tumor-tropic potential towards lymph node-derived metastatic colorectal adenocarcinoma cells. There was no significant difference in the migratory capacity among HB1.F3, HB1.F3.CD, and HB1.F3.CD.IFN- (Fig. 3B) . RT-PCR was performed to confirm expression of chemoattractant factors in SW-620 cells. The chemoattractant factors in SW-620 cells, c-Kit (570 bp), SDF-1a (263 bp), uPAR (63 bp), CCR2 (100 bp), and uPA (94 bp), were identified at the mRNA levels by RT-PCR (Fig. 3C ).
Anticancer effect of engineered hNSCs in a xenografted mouse model
A xenografted mouse model was used to examine the anticancer effect of engineered hNSCs via in vivo study (Fig. 4A ). To establish a lymph node-derived metastatic colorectal adenocarcinoma xenograft model, SW-620 cells (110 (Fig. 4B) .
Fluorescent and histological analysis of tumor mass
A fluorescence analysis was performed using CM-Dil prelabeled hNSCs injected near the tumor mass to confirm the migratory ability of hNSCs towards the tumor mass. We con- (Fig. 5) . These results indicate that hNSCs could migrate towards tumor masses in vivo by recognition of chemoattractant ligand-receptor signals.
Immunohistochemical analysis was further performed to elucidate how the growth of tumor masses was inhibited by hNSCs in the presence of a prodrug. The results showed that the expression of proliferating cell nuclear antigen, a marker of proliferation, was significantly downregulated by treatment with HB1.F3.CD or HB1.F3.CD.IFN- in the presence of 5-FC prodrug compared to the controls, PBS, 5-FC alone, or HB1.F3 alone (Fig. 6A) . In addition, the positive stained cells of PCNA were counted in the tumor tissues using a microscope. The number of positive stained cells expressing PCNA was significantly reduced by treatment with hNSCs in the presence of 5-FC up to 50%, indicating that hNSCs can successfully activate 5-FC to 5-FU and inhibit the cell proliferation of lymph node-derived metastatic colorectal adenocarcinoma cells in a xenografted mouse model (Fig. 6B) .
Discussion
Colorectal cancer metastasizes to multiple organs through lymph nodes [18] . In the process of metastasis, lymph nodes act as a passage for movement of tumor cells to other organs [19] . In fact, metastasis of CRC to lymph nodes is a major factor in determining the survival rate and diagnosis after treatment [20] . Therefore, therapies targeting the metastasis of CRC to lymph nodes are needed. However, the conventional method of treatment for metastatic CRC has limitations in that surgical removal method has a relatively high recurrence rate and chemotherapy causes systemic side effects [21] .
Therapeutic method using GDEPT as an alternative to conventional chemotherapy has many advantages against various types of cancers [22] [23] [24] . The system can convert non-toxic prodrugs into their active anticancer drugs. In particular, the CD/5-FC system has demonstrated a sufficient anticancer effect for several types of cancers including breast, brain, and prostate cancer [6, 25, 26] . In addition, the use of stem cells which can migrate to the cancer is an effective strategy for delivery of therapeutic genes to specific tumor regions. Mesenchymal stem cells (MSCs) obtained from bone marrow or umbilical cord are a candidate for cell based therapy for specific cancer sites [27] . These cells could be genetically manipulated to express therapeutic genes, i.e., CD and/or IFN-, for use as a delivery vehicle. They have the tumor tropic abilities to migrate by recognizing chemoattractant factors expressed by cancer cells. The proliferation of several cancer cell lines was suppressed by genetically engineered stem cells treated with 5-FC, a prodrug [28] . In addition, a better anticancer effect was confirmed when stem cells were engineered to express the IFN- gene. These studies emphasized the importance of the delivery system for specific delivery of genes to enhance the selective antitumor effect. However, some research data indicate that MSCs promote tumor growth through interaction between tumor cells and MSCs, and increased the expression of tumor promoting factors which induced tumor cell proliferation and angiogenesis, as previously shown [29] .
In this study, we confirmed that the effectiveness of these genetically engineered hNSCs was adequate for use in lymph node metastatic colorectal cancer therapy. The tumor tropic ability of HB1.F3.CD and HB1.F3.CD.IFN- cells can be proven for selective targeting of human cancer cells, not for normal cells, through interaction with chemoattractant factors expressed by cancer cells which were carefully identified in this and other studies [30] . However, the specific molecular mechanism should be explained in further study.
This study employed genetically engineered hNSCs, which expressed E. coli CD and/or human IFN-. HB1.F3, HB1.F3.CD, and HB1.F3.CD.IFN- cells were further generated by retroviral transduction using an immortalized stem cell line. By combining the gene based prodrug therapy (5-FC/CD) and immunotherapy (IFN-), a synergistic effect was expected for the treatment of lymph node metastatic colorectal cancer. In addition, the migratory efficacy of the engineered hNSCs towards lymph node-derived metastatic colorectal adenocarcinoma cells was confirmed using a modified trans-well assay. The engineered hNSCs migrated more efficiently towards SW-620 than normal human fibroblasts. The importance of the chemoattractant factors expressed by tumor cells was further determined using RT-PCR. SW-620 cells expressed several chemoattractant factors, including c-Kit, SDF-1a, uPAR, CCR2, and uPA, suggesting that these molecules might accelerate the migration of genetically engineered hNSCs towards the tumor cells for selective delivery of anticancer enzyme and/or cytokine by ligandreceptor signaling pathways. Further study is required to confirm the specific role(s) of these factors in tumor cell recognition and tumor tropism of engineered neural stem cells against human tumors.
In the current study, treatment with HB1.F3.CD and/or HB1.F3.CD.IFN- in the presence of 5-FC resulted in significant suppression of lymph node-derived metastatic colorectal adenocarcinoma in both in vitro and in vivo studies. In a co-culture system, treatment with HB1.F3.CD or HB1.F3.CD. IFN- in the presence of a prodrug, 5-FC resulted in decreased viability of SW-620 by 45%. In a xenografted mouse model, the tumor volume of injected lymph nodederived metastatic colorectal adenocarcinoma cells was significantly decreased by approximately 50% by treatment with hNSCs compared with control groups. In this study, in an in vivo model treatment with HB1.F3 in the presence of a prodrug or prodrug alone without hNSCs did not result in any alteration of tumor formation, suggesting that presence of both hNSCs and prodrug is required to suppress tumor formation of lymph node metastatic colorectal cancer.
In in vitro study, treatment with 5-FU had a greater effect on apoptotic induction and cell growth inhibition of SW-620 cells compared with the hNSCs/prodrug system, suggesting that there is a limitation in the enzyme activity (CD) of hNSCs to convert a prodrug, 5-FC, to active form, 5-FU. The prodrug conversion efficiency of genetically engineered hNSCs should be improved via enzymatic manipulation or reintroduction of therapeutic genes to adjust their expression levels. In our previous studies, a synergistic anticancer effect of HB1.F3.CD.IFN- cells was observed [6, 25] . However, a synergistic effect of IFN- was not confirmed on lymph node metastatic colorectal cancer therapy in this study, implying that the response to CD/5-FC and/or IFN- may vary in diverse types of cancer. In particular, SW-620 is a metastatic colorectal cancer cell line derived from lymph nodes, which may have resistance to cytokines. Based on this result, combination with another gene is required for the synergistic effect on human cancer therapy. IFN- is a potent cytokine but has a low clinical effect owing to its short half-life, thus the secretion level of the functional form of IFN- should be quantified from HB1.F3.CD or HB1.F3.CD.IFN- cells into culture media using the enzyme-linked immunosorbent assay method in further study. In addition, development of a regulatory system for adjustment of neural stem cells to prevent possible off-target effect on normal tissues would be important.
Conclusion
In conclusion, the results of the current study suggest the potential for use of genetically engineered hNSCs expressing CD and/or IFN- in treatment of lymph node metastatic colorectal cancer through their tumor-tropic capacity in the presence of a prodrug. It can be expected that this updated gene therapy using hNSCs would have clinical use in reinforcing the shortcomings of conventional anti-cancer treatment for lymph node metastatic colorectal cancer.
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